= International Research Journal of Innovations in Engineering and Technology (IRJIET)

, -~
/IRJIET

ISSN (online): 2581-3048
Volume 8, Issue 7, pp 159-166, July-2024
https://doi.org/10.47001/IRJIET/2024.807017

From Glaciers to Grasslands: Comparative Analysis of
Climate Trends in Manang and Mustang, Nepal

*Pokhrel Ankita, 2Ping Fang

L2College of Environment Science and Engineering, Tongji University, China
L2UNEP-Tongji University - Institute of Environment for Sustainable Development
Authors E-mail: “*ankita.pokhrel98@gmail.com, *fangping2000@tongji.edu.cn

Abstract - This study examines the effects of climate change
on Nepal's Manang and Mustang districts by analyzing
temperature and precipitation trends, changes in glacial
extent, and land cover transformations. Utilizing Landsat
imagery from 1992 to 2023 and historical meteorological
data, we assess environmental changes in land cover. The
results indicate significant decreases in precipitation,
particularly during the monsoon season, alongside
increases in grassland cover and reductions in barren and
forested areas. Manang shows a distinct pattern with
rising snowfall, whereas Mustang experiences a notable
decline in rainfall, underscoring the necessity for region-
specific adaptation strategies. These findings offer critical
insights for shaping climate policies and developing robust
strategies to enhance the resilience of high-altitude
environments.
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l. Introduction

Climate change introduces a multifaceted array of
challenges that intensify with each increment of global
temperature, significantly impacting both human and
ecological systems. Current projections indicate that global
greenhouse gas (GHG) emissions commitments made before
COP26 will not prevent warming beyond 1.5°C, further
complicating efforts to limit the temperature rise to below 2°C
post-2030 (IPCC, 2023).Climate change poses significant
threats to the world's most fragile ecosystems, and the
Himalayan region, often referred to as the "Third Pole," is no
exception (Mukherji et al., 2015). This region is home to the
largest concentration of glaciers outside the polar areas, acting
as a crucial water source for over a billion people across Asia
(Immerzeel et al., 2020). Understanding the impacts of climate
change on the Himalayas is critical, as these changes affect not
only the local environment but also the livelihoods and water
security of millions of people downstream.

This study compares the impacts of climate change on the
Manang and Mustang regions of Nepal by analyzing
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temperature and precipitation trends, changes in glacial extent,
and land cover transformations. Utilizing Landsat imagery
from 1992 to 2023 and historical meteorological data, we
assess environmental changes and adaptive responses in these
high-altitude regions. The research provides critical insights
into regional climate dynamics and adaptive strategies,
offering valuable information for policymakers and
communities to develop effective adaptation and mitigation
measures.

I1. Overview of Climate Change in the Himalayas

The Himalayas are a critical indicator of climate change,
experiencing temperature increases that are significantly
higher than the global average, thereby reflecting the impacts
of climate change more intensely than many other regions.
Recent research indicates that the Himalayas are experiencing
rapid climate changes, with temperature increases significantly
higher than the global average. Studies have shown that higher
altitudes are warming faster than lower regions, leading to a
range of ecological and hydrological impacts (Pepin et al.,
2015). The region's glaciers are particularly sensitive to
temperature changes, resulting in accelerated melting and
glacial retreat (Chauhan et al., 2023). Changes in precipitation
patterns are also evident, with some areas experiencing more
intense rainfall while others face prolonged droughts. These
changes are disrupting traditional agricultural practices and
increasing the risk of natural disasters such as floods and
landslides (Li et al., 2018).

The impacts of climate change extend beyond physical
and ecological changes, affecting the socio-economic stability
of the region. Communities in the Himalayas, who depend
heavily on agriculture, livestock rearing, and tourism, are
particularly wvulnerable. Adverse impacts on mountain
resources can lead to food and water insecurity, affecting the
health and livelihoods of local populations (Momblanch et al.,
2019).

I11. Climate Change Impacts on Manang and Mustang

Manang and Mustang districts in Nepal, while sharing
several commonalities, also exhibit distinct differences. Both
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districts are remote, mountainous regions with economies
driven by tourism, supported by agriculture, and animal
husbandry. They have rich cultural heritages influenced by

Tibetan Buddhism, and their populations include Tibetan-
origin ethnic groups.

However, Manang is characterized by high mountains,
valleys, and glacial lakes, with a varied climate ranging from
temperate to alpine, whereas Mustang features high-altitude
deserts in the north and lush valleys in the south, with a semi-
arid climate. This makes Manang vulnerable to landslides and
avalanches, while Mustang faces the risks of droughts and
desertification. Both are prone to glacial lake outburst floods
due to glacial melt. Both districts face challenges such as
geographical isolation, harsh climates, and limited
infrastructure, with ongoing development efforts aimed at
improving connectivity, healthcare, education, and sustainable
tourism. There are multiple cases of climate induced incidents
recorded in Nepal’s Disaster Risk Reduction Portal (DRR)
both Manang and Mustang including heavy rainfall, floods
and landslide taking multiple lives and millions of worth
damages.

IVV. Methodology
4.1 Study Area

The study area encompasses the Manang and Mustang
districts in Nepal, regions characterized by their unique
geographical, climatic, and socioeconomic features. These
districts, located in the central part of the Nepalese Himalayas,
present a compelling case for examining the differential

Table 1) includes images from Landsat 5 and 8, providing
a historical record of the region from the 1990s to the present.
In this study, the image selection process was conducted
meticulously following specific criteria to ensure the quality
and reliability of the data for subsequent analysis. The
temporal coverage criterion dictated that images were
exclusively chosen from the post-monsoon dry season months
of October and November. This selection was made to
establish a consistent basis for inter-annual comparisons, as
these months are relatively stable regarding environmental
conditions and vegetation dynamics. The cloud cover
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impacts of climate change due to their distinct environmental
conditions and adaptive capacities.

As illustrated in Figure 1, Manang and Mustang are
situated within the Annapurna Conservation Area, one of the
largest protected areas in Nepal. The map highlights the
elevation gradient across these districts, ranging from
approximately 412 meters to 7,733 meters above sea level,
indicating significant topographical diversity.
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Figure 1: Map of Nepal highlighting study area with its elevation
4.2 Data Collection

Landsat Collection 2 imagery was downloaded from the
USGS Earth Explorer platform for the remote sensing
component of  this study. This dataset (

threshold was another crucial criterion employed in the image
selection. Only images with less than 5% cloud cover were
considered for inclusion in the analysis. Furthermore, using
Landsat Collection 2 images provided a significant advantage
in terms of data quality. These images come pre-processed
with atmospheric corrections, eliminating the need for
additional steps to compensate for atmospheric interference.
This pre-processing step ensured that the data used for
analysis was free from atmospheric artifacts and ready for
direct use in subsequent analytical procedures.

Table 1: Landsat Satellite Imagery Used in the Study

Date Satellite/Sensor Scene (Path/Row) Cloud Coverage
1992/11/15 Landsat 5 TM 142/40 4%
2003/11/30 Landsat 5 TM 142/40 2%
2013/10/08 Landsat 8 OLI 142/40 3.52%
2023/11/05 Landsat 8 OLI 142/40 3.67%
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Daily temperature and rainfall data from 1983 to 2023 were obtained from the Department of Hydrology and Meteorology
(DHM) in Nepal from the ground stations as shown in Table 2. To represent the precipitation and temperature trends in Manang
and Mustang, we selected climate stations within these districts. Out of the 10 available stations, only 5 had the necessary data for
the desired years. Four of these stations were in Mustang, including two temperature stations. Unfortunately, no temperature
station was available in Manang. Whereas, we used data from the Jomsom station to analyze Mustang's temperature. For

precipitation, the Samar Gaun station was chosen to represent Mustang due to its similar elevation to the Manang Bhot station.
The Manang Bhot station, the only available station in Manang, was used to represent Manang district.

Table 2: Selected Meteorological Stations

Station o . . Elevation Type of
Name District Latitude Longitude .
Index (m) Station
0820 Manang Bhot Manang 28.66627 84.02257 3556 Precipitation
0624 Samar Gaun Mustang 28.96202 83.80163 3610 Precipitation
0601 Jomsom Mustang  28.7840111  83.7298167 2741 Temperature

4.3 Data Processing

Temperature and precipitation data were first checked for consistency and completeness. Any missing data points were
addressed using linear temporal interpolation methods where appropriate. Man-Kendall and Sen-slope estimator was used to
analyze the climate trend of the selected stations. Geographic Information System (GIS) tools were used to integrate and visualize
various datasets. Maximum Likelihood Method was used to classify the land covers using supervised classification.

V. Results and Discussion

5.1 Climate Trends

Mean Annual Rainfall of Mean Annual Rainfall of Samar
Manang Bhot Gaun

1990 2000 2010 2020 2030 1990 2000 2010 2020 2030
3.5 1.4 1.6 0.8
3 1.2 1.4 0.7
2.5 1 1.2 0.6
2 0.8 1 0.5
1.5 0.6 08 04
' ’ 0.6 0.3
1 0.4 0.4 0.2
0.5 0.2 0.2 0.1
0 0 0 0

1992 1996 2000 2004 2008 2012 2016 2020 1992 1996 2000 2004 2008 2012 2016 2020

Sen's slope Sen's slope

Figure 2: Precipitation trend of both stations

Figure 2 illustrates the mean annual rainfall trends for the two stations, Manang Bhot and Samar Gaun, from 1992 to 2023.
The charts clearly show differing precipitation trends at these locations. The mean annual rainfall has exhibited a slight decrease
over the study period. The Sen's slope, represented by the orange line, indicates a negative trend, although the p-value of 0.053
suggests this trend is not statistically significant. This aligns with the summarized annual precipitation trend analysis in Table 3,
which shows no significant trend (Sen slope: -0.014). The mean annual rainfall at Samar Gaun has shown a more pronounced
decrease, with a statistically significant negative trend. The Sen's slope, indicated by the orange line, highlights this decline. This
finding is corroborated by Table 3, which shows a significant negative trend (Sen slope: -0.016).
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Table 3: Summarized annual precipitation trend analysis results

Stations Sen slope P-value Trend
Manang Bhot -0.014 0.053 No Trend
Samar Gaun -0.016 0.000 Negative

Table 4 provides a detailed analysis of the seasonal mean precipitation trends from 1992 to 2023 for both stations, as
determined by the Mann—Kendall test. For Manang Bhot, the seasonal analysis reveals that there is no significant trend in
precipitation during the winter (DJF) and spring (MAM) seasons, with Sen slopes of 0.000 and -0.010, and p-values of 0.962 and
0.214, respectively. However, a significant negative trend is observed during the summer monsoon (JJA) with a Sen slope of -
0.022 and a p-value of 0.039. The autumn (SON) season shows no significant trend, with a Sen slope of -0.020 and a p-value of
0.180.

While Samar Gaun station’s seasonal precipitation trends indicate no significant change during the winter (DJF) and spring
(MAM) seasons, with Sen slopes of -0.001 and -0.006, and p-values of 0.936 and 0.074, respectively. In contrast, a significant
negative trend is found during the summer monsoon (JJA) with a Sen slope of -0.045 and a p-value of 0.002, and during the
autumn (SON) season with a Sen slope of -0.012 and a p-value of 0.007.

Table 4: Mann-Kendall test results for seasonal mean precipitation for time series (1992-2023) for Manang and Mustang

Station Sen slope P-value Trend
Seasons

Manang Bhot

DJF 0.000 0.962 No Trend
MAM -0.010 0.214 No Trend
JIA -0.022 0.039 Negative
SON -0.020 0.180 No Trend
Samar Gaun

DJF -0.001 0.936 No Trend
MAM -0.006 0.074 No Trend
JIA -0.045 0.002 Negative
SON -0.012 0.007 Negative

Figure 3 illustrates the trends in maximum and minimum temperatures in Jomsom over the study period. The Sen's slope
values indicate a slight increase in both maximum and minimum temperatures. However, the p-values suggest that these trends are
not statistically significant.

The maximum temperature shows a very slight positive trend with a Sen slope of 0.001 and a p-value of 0.866, indicating no
significant change over the study period. Similarly, the minimum temperature trend also shows a slight positive increase with a
Sen slope of 0.006 and a p-value of 0.745, which is also not statistically significant.
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Figure 3: Minimum and maximum temperature trend of Jomsom station, Mustang
5.2 Environmental Changes

We analyzed the land cover data for the districts of Manang (2,246 km?) and Mustang (3,573 km?) over four time periods: 1992,
2003, 2013, and 2023. The data was categorized into five land cover types: Snow, Forest, Grassland, Barren, and Water. The
results are presented in Figure 4 and Table 5 to illustrate the changes over time.

Table 5: Manang and Mustang land cover change for the years 1992-2023

Show Forest Water

Grassland Barren
Year  Region (kmz/ (kmz/ 210 210 (kmz/
%) %) (km2/9%) (km?/ %) %)

422.6463 311.6358 486.5058 1062.0423 41.1156

1992 Manang 1o 1905) (13.41%) (20.93%)  (47.28%) (1.77%)

261.0792 227.4606 1114.2801 1956.4524  11.043

1992 Mustang ;4100 (6379)  (3121%)  (54.80%)  (0.31%)

354.9249 357.9777 267.5124 1307.1915 36.3393

2003 Manang 1o o700y (15.40%) (1151%)  (56.25%)  (1.56%)

233.361 235.1475 348.5691 2749.2813  3.9564
(6.54%)  (6.59%)  (9.76%)  (77.00%)  (0.11%)

520.3854 218.7774 945.0801  620.0523  10.6506
(22.78%) (9.41%)  (40.67%)  (26.68%)  (0.46%)

526.698 151.0515 1327.9707 1552.3542 12.2409
(14.75%) (4.23%)  (37.19%)  (43.48%) (0.34%)

643.4811 92.9133 1162.1052 383.589  41.8572
(27.69%) (4.00%) (50.01%) (16.51%) (1.80%)

404.8074 46.6434 2015.9838 1050.0777 52.803
(11.34%) (1.31%) (56.47%) (29.41%) (1.48%)

2003  Mustang

2013  Manang

2013  Mustang

2023  Manang

2023  Mustang

In 1992, the dominant land cover in Manang was barren land, covering 1,062.04 km?2 (47.28%), followed by grassland at
486.51 km? (20.93%), snow at 422.65 km?2 (18.19%), forest at 311.64 km? (13.41%), and water at 41.12 km? (1.77%).By 2003,
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barren land had increased to 1,307.19 km? (56.25%), while grassland and snow saw decreases to 267.51 km?2 (11.51%) and 354.92
km? (15.27%), respectively. Forest slightly increased to 357.98 km? (15.40%), and water decreased to 36.34 km? (1.56%).

From 2003 to 2013, there was a notable increase in grassland, which expanded to 945.08 km? (40.67%). Barren land
decreased significantly to 620.05 km? (26.68%), while snow increased to 529.39 km? (22.78%). Forest cover dropped to 218.78
km2 (9.41%), and water further decreased to 10.65 km? (0.46%).The period from 2013 to 2023 saw grassland becoming the most
dominant land cover type in Manang, increasing to 1,162.11 kmz2 (50.01%). Snow continued to increase to 643.48 km? (27.69%),
whereas barren land decreased to 383.59 km?2 (16.51%). Forest cover dropped sharply to 92.91 km? (4.00%), and water saw a

slight increase to 41.86 km?2 (1.80%).

Total Area of Landcover in
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Figure 4: Total area in hectares of each land cover category at both districts

In Mustang, barren land was the predominant land cover
in 1992, covering 1,956.45 km? (54.80%), followed by
grassland at 1,114.28 km?2 (31.21%), snow at 261.08 km?
(7.31%), forest at 227.46 km? (6.37%), and water at 11.04 km?
(0.31%).

By 2003, barren land had significantly increased to
2,749.28 km2 (77.00%), while grassland decreased to 348.57
km2 (9.76%). Snow and forest decreased slightly to 233.36
km2 (6.54%) and 235.15 km? (6.59%), respectively, and water
reduced to 3.96 km? (0.11%).

From 2003 to 2013, Mustang saw a dramatic reduction in
barren land to 1,552.35 km? (43.48%), while grassland
increased to 1,327.97 km? (37.19%). Snow increased
significantly to 526.70 km?2 (14.75%), and forest decreased to
151.05 km? (4.23%). Water increased to 12.24 km? (0.34%).

During the 2013-2023 period, grassland in Mustang
surged to 2,015.98 km?2 (56.47%), becoming the most
dominant land cover type. Barren land decreased to 1,050.08
km2 (29.41%). Snow decreased to 404.81 km? (11.34%), and
forest saw a significant drop to 46.64 km? (1.31%). Water
increased to 52.80 km2 (1.48%).
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The analysis reveals that both districts experienced
significant changes in their land cover over three decades.

Manang:

= Grassland area consistently increased, becoming the
dominant land cover by 2023.

= Snow cover also increased over the years.

= Barren land and forest areas decreased significantly.

= Water cover showed fluctuations but remained a minor
component of the land cover.

Mustang:

= Grassland became the dominant land cover type by 2023,
reflecting a significant increase from 2003 onwards.

= Barren land, while initially increasing, showed a
decreasing trend from 2003 to 2023.

= Snow and forest areas decreased over time.

= Water cover remained relatively stable but increased
slightly towards the end of the study period.

5.3 Discussion

The analysis of climatic and environmental data from the
Manang and Mustang regions reveals significant trends and
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changes over the study period from 1992 to 2023. Both
regions experienced notable decreases in precipitation,
particularly during the summer monsoon season, which is
critical for water supply and agriculture. The Sen's slope
analysis indicated a statistically significant negative trend in
annual rainfall for Samar Gaun in Mustang, while Manang
Bhot in Manang showed a non-significant decreasing trend.
These changes in precipitation have direct implications for
water availability, agricultural productivity, and the frequency
and severity of natural disasters like landslides and floods.

Land cover analysis showed a consistent increase in
grassland areas in both districts, coupled with a decrease in
barren and forested areas. In Manang, snow cover increased,
suggesting changes in seasonal snowmelt patterns that could
impact river flows and water availability. Mustang exhibited a
significant increase in grassland, likely due to changes in land
management practices and climate conditions. These
environmental changes underscore the complex and
interrelated impacts of climate change on the region's
ecosystems.

The climate change impacts observed in Manang and
Mustang are relevant globally, particularly for other high-
altitude regions facing similar challenges. The global
community must recognize and support efforts to address
climate change in vulnerable regions like the Himalayas, as
these areas play a crucial role in global water cycles and
biodiversity. The results of this study underscore the need for
robust regional climate policies that consider the unique
environmental and socio-economic conditions of the
Himalayas. Policymakers should prioritize investments in
infrastructure that supports water management, disaster risk
reduction, and sustainable agriculture.

Effective climate monitoring is crucial for understanding
and addressing the impacts of climate change, particularly in
sensitive and vulnerable mountain regions. However, there is a
significant lack of meteorological stations in these areas,
which hampers the accuracy and comprehensiveness of
climate data. Increasing the number of meteorological stations
and improving data collection methods in these regions will be
essential for better climate modeling and adaptation strategies.

5.4 Comparison of Manang and Mustang

While both Manang and Mustang are located within the
central Nepalese Himalayas and share some common climatic
and geographical characteristics, they exhibit distinct
differences in their responses to climate change. Manang, with
its higher mountains and glacial lakes, is more prone to issues
related to glacial melt and avalanches, whereas Mustang,
characterized by high-altitude deserts and semi-arid climate,
faces challenges related to drought and desertification.
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Precipitation trends show that Mustang is experiencing a
more significant decline in rainfall, which poses severe risks
for its semi-arid environment. Manang, on the other hand,
faces a mix of decreasing precipitation and increasing
snowfall, affecting its water resources differently. These
variations necessitate region-specific adaptation strategies that
address the unique environmental and climatic conditions of
each district.

V1. Conclusion

This study comprehensively analyzed the impacts of
climate change on the Manang and Mustang regions of Nepal,
focusing on temperature and precipitation trends, as well as
land cover changes from 1992 to 2023. We found significant
decreases in precipitation, especially during the summer
monsoon, and notable shifts in land cover, with grassland
areas increasing and barren and forested areas decreasing.
Mustang experienced a more pronounced decline in
precipitation compared to Manang, which saw significant
increases in snow cover. These changes have critical
implications for water resources and agricultural practices in
both regions.

The findings underscore the importance of region-
specific adaptation measures to address the unique
environmental challenges faced by each district. Ongoing
monitoring is essential to track the dynamic impacts of climate
change and inform effective adaptation strategies. These
insights provide a valuable foundation for developing regional
climate policies aimed at enhancing the resilience of high-
altitude environments.

This enhanced understanding of climate change impacts
in Manang and Mustang offers critical insights for
policymakers and communities, enabling them to develop
robust strategies to enhance resilience and sustainability in
high-altitude regions.

VII. Future Scope

Future research can enhance the current study by using
higher resolution satellite data, such as Sentinel-2 and LiDAR,
to capture detailed and frequent environmental changes.
Incorporating advanced climate models will improve
predictions of future scenarios, while implementing cloud
masking techniques is suggested which will ensure more
accurate satellite image analysis. Further, topographical
correction of the satellite images to decrease the effects of
mountainous terrain is recommended. Establishing long-term
environmental monitoring  programs and integrating
community-based GIS (CBGIS) approaches will provide
valuable time series data and incorporate local knowledge.
Additionally, future studies should explore the impacts on
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biodiversity and ecosystem services to develop comprehensive
adaptation strategies. These efforts will inform regional and
national climate policies, supporting targeted and effective
adaptation measures for high-altitude environments.
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